Activated neutrophils at effectorltarget ratios of 1 : 20 to 1 : 2,000 induced depletion of red blood cell (RBC)-reduced glutathione, increased membrane-bound hemoglobin and methemoglobin, and promoted immunoglobulin binding to the cell membrane. Superoxide dismutase/catalase ameliorated the decrease in reduced glutathione and the increase in methemoglobin and immunoglobulin binding. This is interpreted as evidence that activated neutrophils can alter the antigenic nature of the RBC membrane through generation of toxic oxygen radicals.
Inflammatory disease in cats,28 dogs,22 rodents,21 and humans9J8 is accompanied by accelerated age-dependent destruction of red blood cells (RBC's). Accelerated red blood cell (RBC) destruction in cats with induced sterile abscesses is associated with increased immunoglobulin G (IgG) binding to the RBC mem-b~a n e .~~ These IgG-laden RBC's were also more readily phagocytized by peritoneal macrophages in ~i t r o .~ The phagocytosis could be partially inhibited by blocking macrophage Fc receptors, suggesting that the phagocytosis was immunoglobulin-mediated.
Activated neutrophils may be an important source of products which damage RBC's during inflammatory disease.2 Neutrophils produce both toxic oxygen radicals and proteases, either of which could damage membrane proteins and alter their antigeni~ity.~J~,~~,~O,~~ RBC's passing through small blood vessels adjacent to a site of inflammation may encounter activated neutrophils that are adherent to endothelium. Adherent neutrophils may occlude the lumen and slow blood flow resulting in prolonged exposure of RBC's to neutrophil products.
A naturally occurring antibody in plasma binds to an antigen present on the surface of senescent, but not young RBC's.16J4, [23] [24] [25] The antibody also reacts with antigenic sites on platelets, neutrophils, lymphocytes, embryonic kidney cells, and cultured liver cells.I3 In RBC's, the "senescence antigen" may be derived from band 3 protein, the transmembrane protein which functions as the anion ~h a n n e l .~~,~~ The altered antigenicity may result from: 1) specific cleavage, 2) clustering, or 3) exposure of a cryptic antigen. Aged human RBC's and RBC's from rats with vitamin E deficiency have increased surface IgG which reacts with cleavage products of band 3 protein.I5 Since vitamin E is a cell membrane antioxidant, oxidative events may be a cause of band 3 protein cleavage. Clustering of band 3 proteins enhances immunoglobulin binding.23 Clustering results from binding of denatured hemoglobin and treatment of RBC's with phenylhydrazine and acridine orange. 1 3~1 7~1 9 , 2 3 , 2 7
Therefore, hemoglobin denaturation in aged RBC's may induce band 3 protein clustering with subsequent immunoglobulin binding and resultant phagocytosis in the mononuclear phagocyte system. Treatment of RBC's with a variety of chemicals alters cell shape and exposes new antigen^.^^,^^ Therefore, shape change alone may expose cryptic antigens.
This study was designed to determine the mechanism responsible for immunoglobulin binding to RBC membranes in the anemia associated with inflammatory diseases. Specifically, we investigated the role of neutrophil-derived toxic oxygen radicals and proteases in altering the antigenicity of the RBC membrane.
Materials and Methods
Blood from healthy cats was drawn into a plastic syringe containing one part 1.5% ethylenediamine tetraacetate per nine parts of blood. Five milliliters of whole blood was carefully layered on top of a two-step discontinuous Percoll (Sigma Chemical Co., St. Louis, MO) gradient. The concentration of the upper layer was 50%, and the concentration of the lower layer was 65%. The Percoll was first made isotonic by additions of ten times concentrated Iscoves Dulbecco's phosphate buffered saline (Grand Island Biologic, Grand Island, NY), and then further diluted with 1 x Dulbecco's phosphate buffered saline (Grand Island Biologic, Grand Island, NY). To avoid fibrin clot formation and neutrophil clumping, 1 ml 1.5% EDTA was added to the diluted Percoll with the volume subtracted from the 1 x Dulbecco's phosphate buffered saline. Samples were centrifuged at 500 x g for 25 minutes. The upper mononuclear band was discarded, and the remaining granulocyte and red blood cell (RBC) bands isolated and washed three times in calcium and magnesiumfree Dulbecco's phosphate buffered saline (Grand Island Biologic, Grand Island, NY). Granulocyte purity was greater than 99%, and viability, as assessed by trypan blue exclusion, exceeded 95%. Red blood cells (RBC's) were adjusted to lo9 cells/ml using Hanks' balanced salt solution (Grand Island Biologic, Grand Island, NY).
Incubation mixtures consisted of 1.5 ml RBC's, 0.5 ml neutrophils at varying concentrations, and 0.4 ml opsonized zymosan with final volume adjusted to 2.5 ml. The cell suspension was immediately centrifuged at 200 x g for 3 minutes and placed in a humidified atmosphere of 95% air/5O/o CO, at 37 C. After incubation, cells were resuspended and cooled in an ice bath. In some studies neutrophils were removed from the RBC's by centrifugation over 65% Percoll as described above. In other studies, three density fractions of RBC's were obtained by centrifugation on a continuous Percoll density gradient as previously de~cribed.,~ RBC fractions were designated: A (upper, least dense fraction); B (middle, intermediate density fraction); and C (lower, most dense fraction). RBC fractions were incubated with autologous plasma for 30 minutes before determination of cell membrane immunoglobulin concentration. Membrane-bound hemoglobin was determined by measurement of the Soret band (Le., peak absorbance between 390 and 420 nm) on a 1 : 10 dilution of RBC membranes. RBC membranes were prepared and solubilized as previously described.1° Supernatant hemoglobin was also measured by determination of the Soret band. Results were compared to controls consisting of RBC's incubated with opsonized zymosan.
RBC-reduced glutathione concentration was determined by measuring the reaction of 5,5'dithiobis-(2-nitrobenzoic acid) with nonprotein sulfhydral compounds as previously de~cribed.~ RBC methemoglobin was determined by calculating the change in absorbance at 630 nm after addition of neutralized cyanide.,O RBC's were analyzed for surface immunoglobulin by a direct antiglobulin testz4 Goat anti-cat immunoglobulin G (IgG) (Cooper Biomedical, West Chester, PA) was commercially obtained and was diluted 1 : 2 and 1 : 4 prior to use.
RBC agglutination was graded microscopically (1 + = clumps of three to five RBC's; 2+ = clumps of six to ten RBC's; 3+ = clumps of 11 to 15 RBC's; and 4+ = clumps of greater than 15 RBC's). Negative controls, in which the anti-cat IgG was replaced by saline, were done on each RBC fraction and dilution. Agglutination was graded without knowledge of whether it was a control sample, a presample, or a test sample.
In some experiments, inhibitors of oxygen radicals and lysosomal proteases were added prior to incubation of RBC's with activated neutrophils. Catalase, superoxide dismutase, thiourea, and alpha-1 antitrypsin were purchased (Sigma Chemical Co., St. Louis, MO).
Data were analyzed by analysis of variance with Duncan's multiple range test. Linear correlations were analyzed by linear regression analysis.
Results
In an initial experiment we determined a dose-response curve for neutrophil-induced red blood cell (RBC) damage. Neutrophil : RBC ratios varied from 1 : 20 to 1 : 2,000. Higher neutrophil : RBC ratios were not used because of the large numbers of neutrophils needed for the tests and the limited amount of blood which could be obtained from cats. All cell mixtures were incubated for 2 hours. RBC-reduced glutathione was found to decrease with increasing effector :target cell ratios (Table 1) . Membrane-bound hemoglobin was present even at the lowest effector : target cell ratios but did not increase further with higher neutrophil concentrations. Pre-incubation, RBC membrane hemoglobin concentrations were very low, but when detectable were subtracted from the post-incubation values. Therefore, the values listed represent membrane hemoglobin accumulation during incubation. The supernatant hemoglobin concentrations correlated with the neutrophil concentration, but hemolysis was minimal at all effector :target ratios.
Immunoglobulin could not be detected on the surface of any of the RBC fractions prior to incubation with neutrophils (Table 2 ). After red blood cells (RBC's) were incubated with neutrophils and subsequently incubated with autologous plasma, immunoglobulin was detected on all density fractions of RBC's even at the lowest effector : target cell ratios. In another study, incubation was varied from 5 to 120 minutes ( Table 3 ). The neutrophil : RBC ratio was at 1 : 150 in all tests. Reduced glutathione concentration decreased progressively as time of incubation increased. Slightly increased membrane-bound hemoglobin was detected after 5 minutes of incubation but did not increase further with longer incubation times. Methemoglobin concentrations were significantly increased only at 120 minutes. Cell surface immunoglobulin could not be detected prior to incubation but was detectable after as little as 5 minutes of incubation (Table 4 ).
In a third study, inhibitors of hydrogen peroxide and superoxide (catalase, superoxide dismutase [SOD]), hydroxyl radicals (thiourea), and proteases (alpha-1 antitrypsin) were added to the cell mixture (neutrophil : RBC of 1 : 150) prior to incubation. Results (Tables 5, 6 ) show that only SOD/catalase ameliorate the detrimental effects of neutrophils on RBC's. Superoxide dismutase and catalase prevented the decrease in reduced glutathione and the increase in methemoglobin but did not alter membrane hemoglobin concentrations. Alternatively, the addition of thiourea and deferoxamine promoted the decrease in reduced glutathione and further increased methemoglobin concentrations. Only SOD/catalase attenuated the accumulation of RBC surface immunoglobulin associated with incubation with neutrophils. 0.15 f 0.13
3.2 f 0. 
Discussion
Our studies demonstrate that activated neutrophils can alter the antigenic structure of feline red blood cells (RBC's) to permit immunoglobulin binding. These alterations occurred at low neutrophil concentrations and were detectable after 5 minutes of co-incubation. Similar conditions could occur in vivo when neutrophils become activated in small blood vessels adjacent to a site of inflammation. Since immunoglobulin G (1gG)laden RBC's are rapidly removed by the mononuclear phagocyte system, our studies may explain the red blood cell (RBC) destruction associated with inflammatory diseases. The pathophysiological significance of these in vitro results is supported by our previous in vivo studies that indicate that IgG binding to RBC's increases after induction of a sterile abscess. 29 Since the RBC destruction in the anemia associated with inflammatory disease is age-dependent, we hypothesized that IgG would preferentially accumulate on older, more dense RBC's.18 Although all RBC density fractions accumulated IgG, the more dense cells appeared to bind large numbers of IgG molecules. A critical number of surface IgG molecules may be required for recognition and binding by mononuclear phagocytes.
We also investigated the mechanisms by which neutrophils induce RBC membrane damage. We measured RBC-reduced glutathione, methemoglobin, and membrane-bound hemoglobin as indicators of oxidative injury. Both a neutrophil concentration-dependent and a time-dependent decrease in reduced glutathione concentration was seen. Methemoglobin concentration increased over the 2-hour incubation but did not exceed 2% of total hemoglobin concentration. Addition of superoxide dismutase and catalase, but not thiourea or deferoxamine, partially prevented the decrease in reduced glutathione and prevented the increase in methemoglobin. These data incriminate superoxide and/ or catalase in intracellular oxidative events. A possible explanation would be that less reactive oxygen radicals, like superoxide and catalase, can diffuse across cell membranes before they react, whereas highly reactive radicals, such as hydroxyl radicals and hypochlorous acid, react with the nearest target molecule.11
The role of neutrophils in membrane damage is poorly understood. Neutrophils induce membrane lipid peroxidation by releasing a variety of toxic oxygen radicals including superoxide, hydroxyl radicals, hypochlorous acid, and chloramines.6,8J2,26 Previous studies, using RBC hemolysis as the endpoint, used neutrophil : RBC concentrations of 1 : 1 to 1 : 10. In our * Values are derived from the size of the RBC clumps in the direct antiglobulin test (1 + = clumps of three to five RBC's; 2+ = clumps of six to ten RBC's; 3+ = clumps of 11-15 RBC's; 4+ = clumps of greater than 15 RBC's). studies, using low neutrophil : RBC ratios (1 : 20 to 1 : 2,000), RBC hemolysis was minimal. However, i1i1munoglobulin binding indicates that the antigen structure of the RBC membrane was modified even after 5 minutes of incubation. Conditions of brief exposure of RBC's to low concentrations of activated neutrophils would seem more likely to occur in vivo. We further investigated the nature of the antigenic modification of the RBC membrane. Addition of superoxide dismutase and catalase, but not thiourea, appeared to attenuate the immunoglobulin binding. However, superoxide dismutase and catalase failed to prevent the binding of membrane hemoglobin. Neutrophil-derived hydrogen peroxide and superoxide may act directly on the RBC membrane independent from membrane hemoglobin binding.
The failure of alpha-1 antitrypsin to ameliorate immunoglobulin binding suggests that lysosome-derived proteases are not involved modifying the antigenicity of the RBC membrane. Alpha-1 antitrypsin specifically inhibits leukocyte esterase and cathepsin B.5 The possibility that other lysosomal enzymes or substances are involved cannot be excluded.
We conclude that activated neutrophils can modify the antigenic structure of the RBC membrane most likely by production of toxic oxygen radicals, and that this alteration permits the binding of immunoglobulin to the cell membrane.
